Abstract
Alpine plants have traditionally been seen as highly specialised to harsh environmental 57 conditions (Körner 2003) , and therefore particularly vulnerable to climate change (e.g. 58
Theurillat and Guisan 2001). However, alpine landscapes are often topographically very 59 complex, creating mosaics of diverse microclimates over short distances (Lloyd et al. 1994 ; soil moisture) within paired sites differing in small-scale topographic complexity. After 115 testing if rough sites were more variable in microclimate than flatter sites, we investigated if 116 the estimated microclimatic heterogeneity of each site was associated with the diversity of 117 their local plant communities, and with within-species variation in phenotypic traits of two 118 target species. Specifically, we predicted that topographically rough sites would contain 119 greater microclimatic variation than flatter sites, and that sites with greater microclimatic 120 variation supported both more plant species, and species exhibiting greater phenotypic 121 variation. We also investigated whether plants growing at climatically more heterogeneous 122 sites were able to utilise the greater number of different micro-habitats available, by 123 estimating the realized niche widths of some common species in different terrain types. 124
125

Materials and methods
126
Field site 127
Fieldwork was conducted during the summer of 2012 near Finse at the Hardangervidda 128 plateau in alpine southern Norway (N 60° 36.23', E 7° 33.40'; 1430 m above sea level; Figure  129 1). The study site is situated in the low to middle alpine zone, well above the climatic treeline 130 at about 1000 m a.s.l. at Finse (Dahl 1986 
Study design 137
In July 2012 we subjectively chose five areas, and located in each one 'rough' and one 'flat' 138 site. The site pairs were chosen so that the two sites were as similar as possible in macro-139 exposure, altitude and vegetation type, and the intra-pair distance was less than the inter-pair 140 distance (i.e. between areas). In each area, we took care to select sites that differed in micro-141 topography, although the flat site in one area might have been similar to the rough site in 142
another. All sites were mainly south-facing and snow-free in early July, a period when much 143 of the surrounding landscape was still snow-covered in the year of this study (2012) . Hence, 144
we assumed that the length of the growing season was about the same for all sites, although 145 the date of snow-melt is probably more variable at the rough sites than at the flatter ones. 146
Each site measured 40 m x 40 m, was divided into 16 sub-sites (10 x 10 m), and within each 147 sub-site a 0.25 m 2 sample plot was placed, following a stratified random distribution ( Figure  148 1). 149
In the south corner of each sample plot, we placed a temperature logger (iButtons, 150
Maxim Integrated Products, Sunnyvale, CA, US) wrapped in matte green duct tape at the soil 151 surface. Matte green tape was chosen in order to roughly approximate the reflective properties 152 of leaves near the soil surface. Although the recorded temperatures might differ from the 153 exact temperature of the plant canopy, we assumed that this approach would capture relevant 154 variation in topographically controlled temperature conditions experienced by the plants and 155 any deviation from canopy surface temperature would be consistent. The loggers were left in 156 the plots for three weeks (11 Jul -2 Aug 2012), taking one temperature measurement per 157 hour. The resolution of the data is 0.5 °C, and includes mean, maximum and minimum 158 temperature for each logger. Due to disturbance of temperature loggers by sheep, all data 159 from the flat site in area 1 (1F) were excluded from the following analyses. Twelve additional 160 loggers were classified as disturbed (by for example wind, water or animals) and 10 loggers 161
were not found when returning to sites, leaving data from 122 loggers for the analyses. Apart 162 from the excluded site, grazing pressure and disturbance by animals appeared to be low and 163 similar across the study sites. We measured soil moisture with a hand-held moisture sensor 164 (TRIME-PICO, IMKO GmbH, Ettlingen) in all sample plots on a humid day following some 165 light drizzle in the morning. 166 We chose to focus on temperature and soil moisture because these variables are known 167 to be important drivers of plant species distribution and phenotypic trait variation, and they 168 are expected to change with global warming and changes in precipitation regimes. Variation 169 in temperature and moisture are also likely to be associated with variation in other important 170 environmental factors, including snowpack, radiation load, pH, soil depth and soil nutrient 171 levels. For example, topography affects snow-distribution by wind, and snowpack and rate of 172 snow-melt has been shown to affect growing-season length, nutrient cycling, biomass 173 production and species diversity (e.g. Litaor et al. 2008) . 174
Vegetation sampling 175
Field sampling was carried out in August 2012. For each sample plot, we recorded all vascular 176 plant species. A supplementary species list for each site was also compiled, by noting any 177 additional species observed within each 10 m x 10 m sub-site. Plants were determined to 178 species (or genus for Alchemilla, Euphrasia, Hieracium and Taraxacum). We calculated 179 species richness at three scales: individual sample plots ('plot richness'), cumulative species 180 richness of the sample plots at each site ('sample richness') and the entire site (based on 181 supplementary species lists, 'site richness'). We chose to focus on species presence only, 182 because we were mostly interested in species composition and turnover ('beta diversity') 183 across sample plots and sites. 184
To investigate the extent of phenotypic variation of plants at the sites, the forb Bistorta 185 vivipara (L.) Delarbre (Polygonaceae) and the graminoid Luzula spicata (L.) DC. (Juncaceae) 186 were chosen as target species, based on their local abundance. For each sample plot, the 187 shoots of each species closest to the centre of the plot were chosen, although these were not 188 always within the sample plot. For these shoots we recorded the traits (1) plant height, (2) 189 length and width of the largest leaf and (3) propagule number (bulbils for Bistorta and 190 capsules for Luzula). Plant height was measured in the field using a metre stick. The plant was 191 then collected, stored in a plastic bag and transported to the laboratory. Leaf length and width 192
were measured later the same day using digital calipers, and multiplied to obtain a measure of 193 leaf area. 194
Statistical analyses 195
Topography per se is hard to quantify at small scales, especially in areas where high- for the structure of the data (sites nested within areas), site and area was entered as random 213 factors. At the among-site scale (using each site as an observation unit), we used regression 214 analysis to test for relationships between the previously derived measures of microclimatic 215 heterogeneity, beta diversity and species richness. 216
To investigate the habitat utilisation of plant species at the sites, we estimated the 217 realised niche width of some common species in the two site topography classes. A total of 45 218 species occurred in the sample plots in both topography classes, and hence comprised the 219 common species pool. Of these, 16 species with a sufficiently high frequency (>10 sample 220 plots in both topography classes) were chosen for detailed analysis. To quantify the realised 221 niche widths of these species we took two approaches. First, as an abiotic approach, we 222 calculated for each topography class the range of mean and maximum temperatures among 223 sample plots in which the focal species occurred, averaged over sites. Hence, this represents 224 an estimate of the microclimatic preferences of each species. Second, as a biotic approach, we 225 given species indicate a greater turnover in co-existing species among plots. The sampling 232 procedure was repeated 100 times for each species. 233
Relationships between microclimate variables and phenotypic traits were tested using 234 mixed-effect models, where site nested within area was entered as random factors and 235 microclimate variables as possible explanatory variables. We partitioned the variance in 236 phenotypic traits into between topography-class, among-site within topography-class and 237 within-site components by fitting mixed-effects models with site nested within topography-238 class as random factors. To be able to compare the variation of traits when the means differed, 239 we calculated the coefficient of variation (CV) for each trait and site, to produce a 240 proportional measure of variation. We then used permutational multivariate analysis of 241 
Results
245
Topography and microclimatic heterogeneity 246
The overall mean temperature of all sample plots was 9.4 °C (SD = 0.96, range = 7.2 -11.5 247 °C). Mean values (Table 1) did not differ significantly between flat and rough sites (ANOVA, 248 P = 0.92 for mean temperature and P = 0.19 for soil moisture). Within-site differences in 249 mean temperatures varied between 2 and 4 °C ( Table 1) . Microclimatic heterogeneity differed 250 significantly among sites (P = 0.02), and was consistently greater for rough sites than for 251 flatter sites in all four areas (significantly so only for area 2, Table 2 ). 252
Topography and species diversity 253
Sixty-four species of vascular plants were found in the sample plots, and a total of 85 at the 10 254 sites. As predicted, there was greater plant species richness at all four rough sites compared to 255 paired flat sites, with rough sites containing 15-55% more species than their paired flat sites 256 (Table 1) . For sample richness, the difference was less pronounced. Beta diversity differed 257 significantly among sites (P = 0.015), and was consistently greater at rough sites 258 (significantly so for area 2 and 3, Table 2 ). 259
At the sample-plot scale, there was a positive relationship between logger mean 260 temperature and corresponding plot richness (GLMM, P < 0.001), and mean temperature was 261 strongly positively correlated with maximum temperature (R = 0.75, P < 0.001). The model 262 estimated the species richness of a sample plot with an average mean temperature (9.4 °C) to 263 8.75 species, while an increase in temperature of one standard deviation (0.96 °C) increased 264 the estimated species richness by 1.14 species. At the among-site level, there were significant 265 positive relationships between microclimatic heterogeneity and species richness both for 266 sample richness (Figure 2a ) and site richness (Figure 2b ). Considering the relationship 267 between microclimatic heterogeneity and beta diversity (Figure 3) , flat sites clustered below 268 and to the left of rough sites, indicating on average less dispersion of sample plots both in 269 microclimatic space and in community space than for rough sites. Secondly, when considered 270 pair-wise, rough sites were in all cases located above and to the right of their paired flat sites, 271 hence they were more variable along both axes. Finally, there was a positive trend of 272 increasing beta diversity with increasing microclimatic heterogeneity. 273
Realised niche width 274
Most species were found in plots spanning a greater range of temperatures, and with a greater 275 diversity of co-existing species, at rough sites (Table 3) . Hence, they displayed wider realised 276 niches, suggesting that these species were able to utilise the increased range of different 277 microhabitats, and co-existing species, found at rough sites. Mean and maximum 278 temperatures of the sample plots were strongly correlated, and the results for these two 279 variables were qualitatively similar. Therefore, only results for mean temperatures are shown 280 in Table 3 . The abiotic and biotic measures of realised niche width yielded qualitatively 281 similar results, although there was somewhat more inter-specific variation for the abiotic 282 measure (Table 3) . Interestingly, the two measures were significantly correlated (R = 0.37, P 283 = 0.03), suggesting that the biotic approach based on co-existence yield results that can be 284 interpreted in terms of microclimatic preferences. 285
Phenotypic traits 286
While all measured traits of Bistorta were related significantly to at least one of the measured 287 microclimate variables, only plant height did so for Luzula (Table S1 ). The largest component 288 of variation in all traits occurred within sites (73-94%; Table S2 ). After correcting for 289 differences in trait means among sites, proportional trait variation (CV) tended to increase at 290 rough sites compared to flat sites for most traits (Figure 4) . Overall, however, this trend was 291 not statistically significant (PERMANOVA, P = 0.12 for Bistorta and P = 0.59 for Luzula). 292
Discussion
293
Small-scale topographic complexity is a characteristic feature of alpine landscapes, and this 294 has important consequences for alpine plant life. For example, variation in slope and aspect 295 over a few metres influence patterns of radiation load, snow distribution and water runoff, 296 hence creating variation in microclimate (Körner 2003 ). This variation subsequently 297 influences which species can co-exist, and creates variation in selection pressures. As 298 expected, we found that microclimatic heterogeneity differed among sites. Although these 299 differences were often not statistically significant for individual site-pairs (areas), 300 topographically complex sites were consistently more variable in microclimate than flatter 301 sites for all areas. In the following, we discuss the implications of microclimatic heterogeneity 302 for alpine plant-community responses to climate change. 303 Figure 2 ). This may be because the rough sites often 324 contained 'rare' species (e.g. Draba spp., Saxifraga cernua, Arabis alpina), typically found 325 growing in special microsites, such as small crevices, rocky outcrops or shady north-facing 326 spots, and therefore often detected in the site surveys but not in the sample plots. Some of this 327 diversity might be an effect of habitat heterogeneity, driven by factors not directly related to 328 microclimate. The strong association between our measure of microclimatic heterogeneity and 329 the total number of species found at each site suggests, however, that species richness in this 330 system is correlated with variation in microclimate. 331
Effects of topographic complexity on microclimate
Mean temperature emerged as a good predictor of plot species richness, with plot 332 richness increasing linearly with increasing mean temperature. In this relatively low-333 productive environment, this probably reflects an increase in available energy as a result of an 334 increased radiation load (Virtanen et al. 2013 ). Across sites, microclimatic heterogeneity was 335 positively correlated both with species richness and species turnover (beta diversity). The 336 increase in beta diversity, which measures the dissimilarity among sample plots within a site, 337 further supports the idea that increased small-scale variation in microclimate positively affects 338 community diversity. The relative roles of available energy (mean supply of limiting 339 resources) and heterogeneity (variation in limiting resources) as drivers of species richness 340 has been debated (e.g. Stevens and Carson 2002; Lundholm 2009 ). Our measure of 341 microclimatic heterogeneity was in fact positively correlated with maximum temperatures 342 measured at the sites, and some caution should therefore be taken in interpreting their effects. 343
The realised niche represents the habitat-space occupied by a species in the presence 344 of co-existing species (Hutchinson 1957) . On the small scale of this study, it is unlikely that 345 differences in niche width among sites reflect fundamental niche expansion. Instead, it 346 provides a measure of the habitat utilisation of a species. While estimated niche widths were 347 on average greater at rough sites, these sites also contained greater variation in microclimate. 348
These species therefore appear to have tolerance ranges that allow them to exploit the 349 increased niche space available at rough sites. Note that this analysis, in order to provide 350 reasonably accurate estimates, was restricted to the most common local species, and that less 351 common species might have narrower habitat preferences. 352
Topography and trait variation 353
Traits of alpine plant species has been shown to vary along topographic gradients (e.g. gradients can be expected to occur on a small scale, and we therefore expected to see 356 increased intra-specific trait variation at rough sites. We found that trait responses to 357 microclimate differed between species, and Bistorta appeared to respond more directly to 358 variation in the measured microclimatic variables than Luzula did (Table S1 ). Across sites, we 359 found no significant difference in overall trait variation between rough sites and less 360 heterogeneous, flatter sites for either species. For Bistorta, though, the trend was towards 361 greater trait variation at rough sites (Figure 4 ). Within-species trait variation across a 362 landscape might arise from heritable genetic differentiation ('ecotypic differentiation') , non-363 heritable phenotypic plasticity, or some combination of the two. In rough alpine terrains we 364 may assume that the scale of environmental variation is small relative to typical dispersal 365 distances of many species, so that propagules will often develop in a micro-environment 366 different from that of its mother. In this case, genotype x environment-correlations are 367 unlikely to emerge, and phenotypic plasticity is assumed to be an adaptive response to 368 environmental variation (Alpert and Simms 2002) . A complementary common-environment 369 study of plasticity in Bistorta originating from the same sites used in the present study 370 revealed significant plastic responses to variation in soil moisture for all traits measured. 371
However, we found no significant difference in the degree of plasticity between individuals 372 originating from rough and flat sites (Ø. H. Opedal et al., unpublished data). Therefore, it 373 seems that across the alpine landscape studied here, this species responds to microclimatic 374 heterogeneity, at least in part, through non-genetic phenotypic adjustment. As suggested by 375 Stoecklin et al. (2009) , phenotypic plasticity may provide alpine plants with the flexibility 376 needed to persist in a highly variable habitat. In support of this, a recent study suggested that 377 intra-specific trait variability contributed to mediating the response of alpine grassland 378 communities to an experimental drought event (Jung et al. 2014) . 379
Intra-specific phenotypic variation has also been suggested to correlate positively with 380 the species' niche width, by increasing the range of micro-habitats and community types 381 where the species can persist (Jung et al. 2010; Sides et al. 2014 ). For example, intra-specific 382 variation in specific leaf area were found to often be associated with greater elevation ranges 383 across 21 species of alpine plants (Sides et al. 2014) . Our data on only two species and a 384 limited range of microclimatic conditions precludes any direct test of this hypothesis, but we 385 note that Bistorta, which exhibited a clearer trend towards greater trait variation at rough sites 386 than Luzula (Figure 4 ), also occupied a wider realised niche at rough sites (Table 3) . 387
Insights into biotic response to climate change 388
The observation that micro-climatically more diverse sites support a greater number of 389 plant species does not directly imply that local reshuffling occur more readily in such terrains. 390
However, this study demonstrated that an increased range of microhabitats were available at 391 rough sites. These sites also contained a greater number of plant species, and there were often 392 greater turnover of species across microhabitats (beta diversity) than at flatter sites. Many 393 common species seems able to utilise this increased range of microhabitats available at rough 394 sites. This can be achieved, for example, by being phenotypically plastic. Taken together, 395 these features might allow species to persist locally under regional climate change, instead of 396 migrating long distances to track climatic niches, and the possibility for such persistence 397 would be greater in topographically complex terrain. While migration over long distances 398 along elevation or latitude might be precluded by dispersal limitations, this is much less of an 399 issue for local species reshuffling through short distance migration. Indeed, vegetation plots in 400 the Rocky Mountains were found to transition back and forth among 'community types', 401 assumingly in response to inter-annual variation in climate (Spasojevic et al. 2013 annotated by the area number followed by a letter indicating rough (R) and flat (F) sites. Sample size (n) is the number of undisturbed temperature loggers within each site. Range is the difference between the highest and lowest mean value recorded within each site. 
